s refractive surgery techniques advance, considerable attention has been given to improve the quality of vision. With the concept of ocular wavefronts, ophthalmologists have been able to use wavefront aberrations to measure image quality and theoretically treat higher order aberration (HOA). The relation between HOAs and visual performance is not clear, but several studies have suggested that HOAs may infl uence visual outcomes and patient satisfaction. 1, 2 Refractive surgery for correcting myopia, such as LASIK and surface ablation, changes corneal contour in a fashion that induces a change in HOAs, especially spherical aberration. Some studies report that customized ablations induce fewer aberrations than conventional treatment; however, the effect is still subject to research. 3 One study reported that the level of HOA depends on the amount of refractive correction. 4 In addition, a large amount of corneal ablation could be a risk factor for ectasia and result in limited visual and refractive outcomes, especially in eyes with high myopia.
Phakic intraocular lenses (PIOLs) have become popular due to their good refractive results and safety for the correction of moderate to high myopia. 1, 5, 6 Some studies have been conducted that compared changes in HOAs after Visian Implantable Collamer Lens (ICL; STAAR Surgical Co, Monrovia, California) implantation and LASIK. 7, 8 In the current study, we evaluated and compared changes in ocular HOAs after ICL implantation and wavefront-guided laser epithelial keratomileusis (WFG-LASEK) to correct high myopia.
A ABSTRACT PURPOSE: To compare changes in ocular higher order aberrations (HOAs) after Visian Implantable Collamer Lens (ICL, STAAR Surgical Co) implantation and wavefrontguided laser epithelial keratomileusis (WFG-LASEK) to correct high myopia.
METHODS: This prospective case series comprised 30 eyes (18 patients) that underwent ICL implantation (ICL group) and 33 eyes (18 patients) that underwent WFG-LASEK (WFG-LASEK group). All eyes had spherical equivalent of Ϫ6.00 to Ϫ9.00 diopters. Entire ocular, internal optic, and corneal HOAs were measured before surgery and 3 months after surgery using a laser ray tracing aberrometer. Contrast sensitivity testing was performed in 10 eyes from each group at a photopic light level of 85 cd/m 2 and a mesopic level of 3 cd/m 2 3 months after surgery.
RESULTS:
In the ICL group, HOAs changed for the entire ocular trefoil-y, spherical aberration, internal optic spherical aberration, and corneal trefoil-y. In the WFG-LASEK group, increased HOAs were observed for total HOAs, entire ocular and corneal spherical aberration, secondary astigmatism, and tetrafoil. The ICL group had lower induced aberration values of entire ocular and corneal HOAs compared with the WFG-LASEK group. No signifi cant differences in contrast sensitivity values between groups at the photopic level were noted; however, contrast sensitivity values were signifi cantly lower for 3 (P=.01) and 6 cycles per degree (PϽ.001) in the WFG-LASEK group at the mesopic level. At the mesopic level, total HOAs, trefoil-y, spherical aberration, and secondary astigmatism were higher in the WFG-LASEK group. ICL vs Wavefront-guided LASEK for Correction of High Myopia/Shin et al
CONCLUSIONS:

PATIENTS AND METHODS
STUDY DESIGN
This study included 30 eyes from 18 patients who were scheduled for implantation of the ICL and 33 eyes from 18 patients who were scheduled for WFG-LASEK to correct high myopia with a spherical equivalent of Ϫ6.00 to Ϫ9.00 diopters (D), which overlapped with the correction range of both procedures. Both surgical treatments were performed by a single surgeon (T.K.). Preoperatively, patients were given detailed explanations of the medical implications and surgical procedure, and all patients signed written consent in accordance with the Declaration of Helsinki. The study was approved by an institutional review board. Inclusion criteria were patients with preoperative manifest refractive error of Ϫ6.00 to Ϫ9.00 D with no history of glaucoma; corneal, lenticular, or retinal diseases; or any medical disease likely to alter vision. Patients with toric ICL implantation were excluded.
Preoperative ophthalmic examinations were performed, including slit-lamp microscopy, cycloplegic and manifest refractions, and uncorrected and corrected distance visual acuity.
Ocular aberrations were measured at a 6-mm pupil using iTrace (Tracey Technology, Houston, Texas) at baseline and 3 months after surgery. In 10 eyes from each group, contrast sensitivity testing was performed with an Optec 6500 test system (Stereo Optical Co Inc, Chicago, Illinois) at photopic (target illumination, 85 cd/m 2 ) and mesopic (3.0 cd/m 2 ) levels 3 months after surgery. In these eyes, postoperative ocular aberrations were compared. Zernike coeffi cients were rescaled for pupil diameters of 3 mm using iTrace.
IMPLANTABLE COLLAMER LENS IMPLANTATION
Two weeks before surgery, patients received two peripheral iridectomy incisions with a combination of argon and Nd:YAG laser. On the day of surgery, the pupil was dilated using Mydrin-P (Santen Pharmaceutical, Osaka, Japan). The procedure was performed under topical anesthesia with 0.5% proparacaine hydrochloride (Alcaine; Alcon Laboratories Inc, Ft Worth, Texas). A rigid speculum was applied, and a 3.0-mm clear corneal incision was made. The anterior chamber was fi lled with 1% sodium hyaluronate, and the Visian ICL (spherical design) was injected through the incision into the anterior chamber. Distal and proximal footplates were tucked under the iris with a spatula. The ICL was centered, and remaining viscoelastic material was irrigated out of the anterior chamber with balanced salt solution (BSS). The clear corneal incision site was self-sealed with hydration. Topical antibiotics and 0.1% fl uorometholone were prescribed for four times a day for 2 weeks and then tapered.
WAVEFRONT-GUIDED LASEK
The WFG-LASEK procedure was performed under topical anesthesia with Alcaine. A speculum was applied to the eye, and 20% alcohol was applied for 30 seconds then carefully washed off with BSS. The epithelium was detached as a single sheet toward the 12-o'clock position using a spatula. Wavefront-guided excimer laser ablation was performed using the STAR S4 IR laser system (Abbott Medical Optics, Santa Ana, California) with iris registration. After ablation, the cornea was irrigated with chilled BSS. The epithelium was carefully repositioned with a spatula, and a therapeutic soft contact lens was placed on the cornea. Topical antibiotics and 0.1% fl uorometholone were prescribed for four times a day for 2 weeks then tapered.
STATISTICAL ANALYSIS
The parameters analyzed include Zernike coeffi cients Z(3,-3) (trefoil-y), Z(3,1) (horizontal coma), Z(3,3) (trefoil-x), Z(4,0) (spherical aberration), Z(4,2) (secondary astigmatism), Z(4,4) (tetrafoil), and Z(5,1) (secondary coma). Root-mean-square (RMS) values of HOAs were calculated. Entire ocular, internal optic, and corneal HOAs were measured. To compare changes in HOAs (preoperative to postoperative) in each group, paired t tests were used. Intergroup comparisons were performed using the independent t test for continuous variables and the chi-square test was used for categorical variables. Changes in RMS values of HOAs were transformed into absolute values for intergroup comparisons. All analyses were conducted using SPSS for Windows (Statistical Product and Services Solutions, version 15.0; SPSS Inc, Chicago, Illinois), and a P value Ͻ.05 was considered statistically signifi cant.
RESULTS
PATIENT CHARACTERISTICS AND CLINICAL OUTCOMES
No signifi cant differences were noted between groups in any variable except preoperative mean cylinder, which was signifi cantly higher in the WFG-LASEK group than in the ICL group (P=.044) (Table) .
PRE-AND POSTOPERATIVE HIGHER ORDER ABERRATIONS
In 
INTERGROUP COMPARISON OF CHANGES IN HOAS AFTER SURGERY
Intergroup comparisons of changes in entire ocular, internal optic, and corneal HOAs were performed (Figs 1-3) . Changes in total HOAs were signifi cantly higher in the WFG-LASEK group than in the ICL group (PϽ.001). Changes in RMS values were signifi cantly lower in the ICL group for entire ocular total HOAs spherical aberration (PϽ.001), secondary astigmatism (P=.001), and tetrafoil (P=.013) (Fig 1) ; and corneal HOAs, including spherical aberration (PϽ.001), secondary astigmatism (P=.001), and tetrafoil (P=.002) (Fig 3) . Changes in entire ocular trefoil-y and corneal trefoil-y were statistically signifi cant (PϽ.001, respectively) in the ICL group compared with the WFG-LASEK group (see Figs 1 and 3) .
POSTOPERATIVE CONTRAST SENSITIVITY
Under photopic conditions, no signifi cant differences were noted in postoperative contrast sensitivity test values between the ICL and WFG-LASEK groups (Fig 4) . No signifi cant differences in postoperative RMS values between groups with a 3-mm pupil size were noted (Fig 5) . However, under mesopic conditions, contrast sensitivity values were signifi cantly lower in the WFG-LASEK group for spatial frequencies of 3 cpd (P=.01) and 6 cpd (PϽ.001; Mann-Whitney test) (Fig 6) . Postoperative total HOAs, spherical aberration, and secondary astigmatism were signifi cantly higher in the WFG-LASEK group than the ICL group. Postoperative trefoil-y was higher in the ICL group than the WFG-LASEK group (Fig 7) .
DISCUSSION
This study was conducted to compare ocular aberrations between ICL implantation and WFG-LASEK in patients with high myopia. Excimer laser surgeries are effective for correction of low to moderate myo- 
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pia, but complications such as myopic regression and ectasia have been reported in eyes with high myopia. 9, 10 Theoretically, LASEK reduces the activation of abnormal stromal wound healing and haze formation, but corneal opacity still occurs in eyes with high myopia. A large amount of myopic corrections were also associated with increased HOAs.
11
It is well established that PIOL implantation predictably corrects high myopia. [5] [6] [7] 12 However, implantation of a PIOL can incur complications such as lens opacities, elevated intraocular pressure, and lens dislocation. Therefore, comparison of visual outcomes between PIOL implantation and corneal surface ablation surgery is helpful when selecting a procedure to correct high myopia, especially for patients with an overlapping range of both procedures. Igarashi et al 7 compared HOAs between ICL implantation and LASIK; however, to our knowledge, there has been no comparison in HOAs between ICL implantation and WFG-LASEK.
We found excellent refractive and visual outcomes with both ICL implantation and WFG-LASEK. In addition to measuring visual acuity, we compared ocular HOAs between groups. In our study, WFG-LASEK induced more entire ocular and corneal HOAs than ICL implantation. Different anatomical targets to correct refractive errors may be responsible for these results. With LASEK, biomechanical corneal changes and postoperative epithelial thickening may signifi cantly induce HOAs. Previous studies report increased HOAs after corneal ablation surgery, even with customized ablation. 3 More HOAs were induced by the higher myopic correction, because it required more changes in the shape of the cornea. 13 Implantation of the ICL theoretically induces changes in internal optic HOAs caused by the IOL, similar to cataract surgery and other types of PIOL implantation. One study reported changes in spherical aberration after Artisan PIOL (Ophtec BV, Groningen, The Netherlands) implantation.
14 Another study reported the Artifl ex PIOL (Ophtec BV) decreased spherical aberration, whereas the Artisan PIOL increased spherical aberration. 15 Some studies reported changes in HOAs after ICL implantation. One study demonstrated changes in spherical-like aberration (RMS of all fourth-order coeffi cients). 7 Kim et al 8 reported negative spherical aberration of ICLs and their average correcting effect was Ϫ0.07 μm. Our study showed negative spherical aberration after ICL implantation. The average correcting effect of this study was approximately Ϫ0.03 μm, which is smaller than that reported by Kim et al. 8 Implantable Collamer Lens implantations may ICL vs Wavefront-guided LASEK for Correction of High Myopia/Shin et al also change the shape of the cornea. Previous studies with other PIOLs 14, 15 suggested increases in trefoil after Artisan and Artifl ex PIOL implantations. These authors suggested that the induction of ocular trefoil-y was a result of the incision due to changing corneal trefoil-y. Studies of changes in HOAs after cataract surgery suggested that changes in trefoil may be related to details of the surgical procedure such as the incision size and site. 16 A recent study showed signifi cant correlations among incision size, induced astigmatism, and trefoil-y after ICL implantation. 8 In our study, we observed an increase in entire ocular and corneal trefoil-y, which was similar to previous fi ndings. 8, [14] [15] [16] The contrast sensitivity test is a useful tool to evaluate visual function after refractive surgery. 17 Several studies have demonstrated that ICL implantation and WFG-LASEK improve contrast sensitivity. 5, 7, 18 No signifi cant differences were noted in postopera- ICL vs Wavefront-guided LASEK for Correction of High Myopia/Shin et al tive contrast sensitivity values between groups at the photopic level in this study. However, at the mesopic level, postoperative contrast sensitivity values were signifi cantly lower at 3-and 6-cpd spatial frequencies in the WFG-LASEK group. Contrast sensitivity function is thought to be related to coma-like aberrations, spherical-like aberrations, and total HOAs after refractive surgery. 11, 19 Those fi ndings are consistent with our study in which contrast sensitivity values were lower in the WFG-LASEK group, which showed higher postoperative entire ocular spherical aberration, secondary astigmatism, and total RMS values with a 6-mm pupil. These results may be derived from the mesopic pupil, which increases HOAs and scatters light at the edge of the ablation site in the WFG-LASEK group. These fi ndings suggest patients with ICL implantation may have less discomfort, such as glare, at a mesopic light level.
We did not evaluate long-term complications or longterm visual outcomes of both groups. Therefore, longterm studies with larger numbers of eyes are needed.
Implantable Collamer Lens implantation induced less entire ocular and corneal HOAs than WFG-LASEK in patients who were treated to correct high myopia. These fi ndings suggest ICL implantation had better outcomes in treating high myopia considering postoperative visual quality. 
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